Much data implicates the amygdala in the expression and learning of fear. Yet, few studies have examined the neuronal correlates of fear in the amygdala. This study aimed to determine whether fear is correlated to particular activity patterns in the lateral amygdaloid (LA) nucleus. Cats, chronically implanted with multiple microelectrodes in the LA and a catheter in the femoral artery, learned that a series of tones interrupted by a period of silence (5 sec) preceded the administration of a footshock. During the silent period, their blood pressure increased, indicating that they anticipated the noxious stimulus. In parallel, the firing rate of LA neurons doubled, and the discharges of simultaneously recorded cells became more synchronized. Moreover, cross-correlation of focal LA waves revealed a significant increase in synchrony restricted to the theta band. In keeping with this, perievent histograms of neuronal discharges revealed rhythmic changes in the firing probability of LA neurons in relation to focal theta waves. Finally, the responsiveness of LA cells to the stimuli predicting the footshock (the tones) increased during the trials, whereas responses to unrelated stimuli (perirhinal shocks) remained stable. Thus, during the anticipation of noxious stimuli, a state here defined anthropomorphically as fear, the firing rate of LA neurons increases, and their discharges become more synchronized through a modulation at the theta frequency. The presence of theta oscillations in the LA might facilitate cooperative interactions between the amygdala and cortical areas involved in memory.
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Much evidence implicates the amygdaloid complex in fear and anxiety (for review, see Aggleton, 1992) . For instance, amygdala lesions decrease the response of animals to various fear-inducing stimuli (Klüver and Bucy, 1938; Weiskrantz, 1956; Blanchard and Blanchard, 1972) and prevent the acquisition of classically conditioned fear responses (Kapp et al., 1979; Gentile et al., 1986; Iwata et al., 1986; Hitchcock and Davis, 1987; LeDoux et al., 1990; Killcross et al., 1997) . However, these changes do not result from sensory deficits, as humans with relatively selective amygdala lesions can identify faces but are unable to recognize facial expressions of fear (Adolphs et al., 1994) . Consistent with these results, it was reported that amygdala stimulation can elicit the behavioral, visceral and, in humans, the subjective concomitants of fear (Kaada, 1967; Gloor et al., 1982; Kapp et al., 1982; Iwata et al., 1987) .
So far, most physiological investigations have focused on the sensory responsiveness of amygdala neurons (Machne and Segundo, 1956; Sawa and Delgado, 1963; O'Keefe and Bouma, 1969; Jacobs and McGinty, 1971; Cain and Bindra, 1972; Nishijo et al., 1988a,b; Bernard et al., 1992; Bordi and LeDoux, 1992; Maeda et al., 1993; Muramoto et al., 1993) and how it changed as a result of various conditioning procedures (Applegate et al., 1982; Ono et al., 1983; Pascoe and Kapp, 1985a; Maren et al., 1991; Quirk et al., 1995 Quirk et al., , 1997 Uwano et al., 1995; Rogan et al., 1997) . Surprisingly, few studies have attempted to examine the cellular correlates of fear in the amygdala (however, see Adamec, 1991) independently of the sensory events that triggered it.
To investigate the neuronal correlates of fear in the amygdala, we devised an experimental paradigm in which cats learned that a series of six 1 sec tones, interrupted by a period of silence (four tones, 5 sec silence, two tones), predicted the administration of a noxious stimulus. Examining the activity of multiple, simultaneously recorded lateral amygdala (LA) neurons during the period of silence allowed us to determine whether the anticipation of the noxious stimulus or, in anthropomorphic terms, fear is correlated to particular activity patterns in the LA, independent of the sensory events that triggered it. In some experiments, perirhinal shocks were applied in between the tones to compare the responsiveness of LA cells to synaptic inputs of differing significance, some predicting the administration of a noxious stimulus (the tones) and irrelevant ones (the perirhinal stimuli).
Our results suggest that during fear, the firing rate of LA neurons increases, and their activity tends to synchronize in a rhythmic population event at the theta frequency range. Moreover, within each trial, the responsiveness of LA cells to the tones progressively increased, whereas that to perirhinal shocks remained stable.
MATERIALS AND METHODS

Electrode implantation
E xperiments were performed in four adult cats (2.5-3.5 kg) that were chronically implanted in a stereotaxic position under deep barbiturate anesthesia. This species was chosen because the large size of cat brains facilitates the placement of multiple microelectrodes within the amygdala. The anesthesia was induced with ketamine (15 mg / kg, i.m.), and atropine sulfate (0.05 mg / kg, i.m.) was administered to prevent secre-tions. Then, sodium pentobarbital was injected gradually (Somnotol; (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) i.v.) . The bone overlying the amygdaloid complex was removed on one side, and the dura mater was opened. Then, an array of 10 -21 tungsten electrodes (2-6 M⍀ at 1 kHz; outer diameter of 80 m; Frederick Haer & Co., Brunswick, M E) was lowered until the electrodes reached the dorsal aspect of the amygdala (for details, see . To construct the array, small holes were drilled in a circular Teflon block, and the electrodes were inserted into them. The Teflon block was inserted in a tightly fitting Delrin sleeve, which was cemented to the bone. During the recording sessions, the electrodes could be lowered as a group by means of a micrometric screw. The electrodes were arranged in various configurations (two or three rows of five to seven electrodes) with fixed intervals between the electrodes (0.4 mm in the mediolateral and 1 mm in the rostrocaudal axes).
To identif y L A projection cells physiologically, stimulating electrodes were stereotaxically inserted in the perirhinal cortex. Electrical stimuli consisted of 0.05-0.2 msec pulses of 0.1-1 mA delivered at various frequencies. C ells that could be antidromically activated by perirhinal stimuli were formally identified as projection neurons . Neurons had to meet at least two of the following criteria to be considered antidromically identified: fixed response latency, ability to follow high-frequency stimulation, and collision with spontaneous action potentials. These physiological identifications were complemented with histological controls as described below.
For chronic monitoring of blood pressure, a cannula was inserted in the femoral artery, sutured to the adjacent tissues, and run subcutaneously to a connector fixed to the skin on the back of the neck. It was flushed daily with a sterile saline containing the anticoagulant heparin (20 I U/ml). In one cat, the cannula blocked before the beginning of the experiment.
Finally, four screws were cemented to the skull. These screws were later used to fix the cat's head in a stereotaxic position without pain or pressure. Bicillin (intramuscular daily for 3 d) and buprenorphine (0.03 mg / kg, i.m. every 12 hr for 24 hr) were administered postoperatively. Recording sessions began 6 -8 d after the surgery. Between experimental sessions, the animals slept, ate, and drank ad libitum.
Recording and stimulating methods
The experiments proceeded in three phases, as detailed below. Habituation. For the first 3-4 d, the animals were gradually accustomed to the head restraint and repeatedly presented a series of six 1 sec tones (6 kHz at 70 dB) at a frequency of 0.5 Hz (Fig. 1 A) . This series of tones was interrupted by a 5 sec period of silence (four tones, silence, two tones; Fig. 1 A) . In this and subsequent experimental phases, intertrial intervals ranged between 3 and 30 min. The tones could be presented with or without interleaved perirhinal stimuli (at 0.5 Hz).
Control sessions. Once the cats were habituated, the recording sessions began (see below). In the control phase, the animals were presented with the series of tones five times. In only one of the trials were the tones presented with interleaved perirhinal stimuli. In such cases, perirhinal stimuli began ϳ20 sec after the conclusion of the preceding trial and continued for the entire intertrial epoch. Three control sessions were performed in each animal, and a different set of cells was recorded during each session. Trials with perirhinal stimuli were analyzed independently of the others.
Conditioning sessions. In the first conditioning session, six trials were performed. The first trial included perirhinal stimuli, but no noxious stimulus. In the four subsequent trials, a footshock (0.5 sec, 1.5 mA) was administered 0.5 sec after the onset of the sixth tone ( Fig. 1 A) , and no perirhinal stimuli were delivered. In the sixth trial, the animals received the six tones, interleaved perirhinal stimuli, and a footshock. All tested cats developed anticipatory increases in blood pressure by the fourth trial of the first conditioning session (see Results). The data obtained in the first conditioning session was treated separately from that obtained on subsequent days. In the following conditioning sessions, five trials were performed, all included the footshock, but only one with interleaved perirhinal stimuli. Five conditioning sessions were performed in each animal. Unless otherwise stated, the expression "conditioning sessions" excludes the first one.
The recording methods used in control and conditioning sessions were identical. At the beginning of each session, the electrode array was lowered 80 -160 m. Thirty minutes later, each recording site was examined for units with a high signal-to-noise ratio (Ն3). After documenting the anti-and orthodromic responsiveness of the selected cells, the minimal perirhinal stimulation intensity required to elicit reliable field and unit responses was determined. Thereafter, the stimulation intensity was kept constant for the entire session. The spontaneous and evoked activity of the selected neurons was observed on a digital oscilloscope, printed on a chart recorder, digitized, and stored on tape. Data from neurons that were not held for the duration of the sessions was discarded. Figure 1 . Anticipatory increases in blood pressure and heart rate in conditioned animals. A, Experimental paradigm. A series of 1 sec tones, interrupted by a period of silence (5 sec), was presented to the animals (4 tones, silence, 2 tones). In control conditions, no noxious stimuli were administered. In later sessions, an electrical shock to the front paws (0.5 sec, 1.5 mA) was administered, 0.5 sec after the onset of the last tone (A, arrow). The vertical lines in B-D indicate the tone onsets. The changes in arterial blood pressure ( B) and heart rate ( C) observed during the tones are depicted for naive animals (B, C, lines without symbols) and for conditioned animals (B, C, lines with symbols; average of three experiments, in three cats). In B, the systolic (top curves) and diastolic (bottom curves) blood pressure are shown. The average interbeat interval, as estimated in C, was used to scale the blood pressure and heart rate data in time. For clarity, only the SE of the data obtained after conditioning is shown in B and C. D depicts two superimposed trials obtained in the same cat before and after conditioning.
Identification of recording sites
At the end of the experiments, the animals were deeply anesthetized with sodium pentobarbital, and selected recording sites were marked with electrolytic lesions (0.5 mA for 5 sec). After this, the animals were perf used with 500 ml of a cold saline solution (0.9%) followed by 1 l of a fixative containing 2% paraformaldehyde and 1% glutaraldehyde in 0.1 M PBS, pH 7.4. The brains were later sectioned on a vibrating microtome (at 80 m) and stained with thionin to verif y the position of the recording and stimulating electrodes. The microelectrode tracks were reconstructed by combining micrometer readings with the histological controls. Despite the high number of electrodes, it was easy to determine the position of recorded neurons as the relative position of the electrodes was known. The data were only included in the analyses after histological determination of the recording sites.
Analysis
Analyses were performed off-line with the software Igor (Wavemetrics, Oswego, OR) and homemade software running on Macintosh microcomputers. Spikes were detected with a window discriminator after digital filtering (0.3-10 kHz) of the data. The auditory and cortical responsiveness of recorded neurons was studied by computing peristimulus histograms. In addition, we computed cross-correlation matrices for all sets of simultaneously recorded neurons. Focal waves were analyzed by means of fast Fourier transforms (FF T), auto-, and cross-correlograms. In Results, values are expressed as mean Ϯ SE unless otherwise stated.
RESULTS
Changes in heart rate and blood pressure produced by conditioning Figure 1 A illustrates the experimental paradigm used in the present study (see details in Materials and Methods). Cats were presented a series of tones interrupted by a period of silence. In control sessions, the tones were presented alone whereas, in conditioning sessions, a footshock was applied 500 msec after the onset of the last tone. The changes in arterial blood pressure and heart rate observed in naive (lines without symbols) and conditioned (lines with symbols) animals during the presentation of the tones are shown in Figure 1 , B and C. In control conditions, the tone presentations did not elicit significant changes in systolic and diastolic blood pressure ( Fig.  1 B, lines without symbols) or in heart rate ( Fig. 1C , line without symbol). However, after the introduction of the footshocks, the animals developed anticipatory increases in blood pressure by the fourth trial of the first conditioning session ( Fig. 1 B, lines with symbols). On average, the systolic and diastolic pressure increased from 117.0 Ϯ 0.26 and 84.0 Ϯ 0.34 mmHg in the pretone period to 139.7 Ϯ 1.96 and 106.9 Ϯ 2.08 mmHg during the period of silence and to 164.3 Ϯ 3.07 and 140.1 Ϯ 1.83 mmHg immediately after the noxious stimulus.
To determine when the changes in blood pressure became statistically significant, measurements obtained in three cats after conditioning were averaged. Then, the data point of the pretone period ( Fig. 1 B, 0 -5 sec) with the largest variability was determined. Its SD was then used to establish when the blood pressure increase reached statistical significance in a one-tailed t test ( p Ͻ 0.05; i.e., increasing by Ͼ1.64 times the SD). Using this method, it was found that the changes in systolic and diastolic blood pressure became statistically significant by the end of the fourth tone. At the end of the silent period, the anticipatory increase in systolic and diastolic blood pressure increased by 4.87 and 4.18 times the SD, respectively.
In control conditions, the series of tones did not elicit significant changes in heart rate ( Fig. 1C, line without symbols) . However, after conditioning, two phases of heart rate increases were seen. The first one was short-lived and occurred after the offset of tone 4 (peak rate of 121 Ϯ 3.74 beats/min). The second began toward the end of the trial and continued well after the noxious stimulus (peak rate of 146 Ϯ 1.5 beats/min). Both phases reached statistical significance in a one-tailed t test ( p Ͻ 0.05), using the approach described above for the blood pressure.
LA firing rates increase during the anticipation of noxious stimuli
A total of 98 spontaneously active neurons, histologically determined to be located in the LA (Fig. 2 A-C) , were recorded from four cats in this study. Of these cells, 36 neurons were recorded in control sessions, 7 in the first conditioning session, and 49 in the ensuing conditioning sessions. Data from control and conditioning sessions was obtained in each cat. To ensure sample homogeneity, six additional neurons with tonically elevated firing rates (Ͼ5 Hz) were excluded from the present analysis, because much data suggests that such cells are local-circuit GABAergic neurons, whereas neurons with little or no spontaneous activity are projection cells (for review, see .
Among the LA cells with low spontaneous firing rates (see below), 16% were activated othodromically by perirhinal stimulation at latencies ranging from 4 to 25 msec (average, 9.5 Ϯ 0.33 msec), and 19% could be backfired from the perirhinal cortex (latency range, 6 -17; average, 9.3 Ϯ 0.19 msec). A lucky example of three simultaneously recorded LA cells that were antidromically responsive to perirhinal stimuli is illustrated in Figure 3 . Taking into account the distance between the stimulating (Fig.  2 D) and recording sites (Fig. 2 A-C) , this yields a conduction velocity of ϳ0.5-1 m/sec, consistent with previous estimates (Paré et al., 1995) . Figure 4 illustrates how the firing rate of LA cells changed during the presentation of the tones in the control phase (Fig. 4 A) and after conditioning (Fig. 4 B) . A population histogram of the instantaneous firing rate of all LA cells recorded in the control and conditioning sessions (excluding the first one) was computed (for details, see Fig. 4, legend) . The two groups of LA cells did not fire at significantly different rates before the tone presentations (control, 0.82 Ϯ 0.149 Hz; conditioned, 0.86 Ϯ 0.110 Hz) .
To analyze the changes in firing rate induced by the tones, we compared the spontaneous activity of LA cells before the tones and during the silent period. In the control phase (Fig. 4 A) , a significant decrease in firing rate was observed during the period of silence (0.53 Ϯ 0.126 Hz) compared to pretone values (paired t test; p Ͻ 0.05). In contrast, an increased firing rate was observed during the silent period in conditioned animals (1.49 Ϯ 0.245 Hz; paired t test; p Ͻ 0.05; Fig. 4 B) . In fact, the firing rate of LA cells reached 1.74 Ϯ 0.311 Hz by the end of the silent period (last second).
Progressive increase in auditory responsiveness during the anticipation of the noxious stimulus
In previous studies on the auditory responsiveness of LA cells in cats, a close temporal correspondence was found between the fluctuations in firing probability of LA cells and the initial components of auditory-evoked field potentials . This correlation suggested that the field potentials were not volume-conducted from neighboring structures but that they reflected local extracellular currents associated with synaptic activity in the LA. Consequently, we considered both auditoryevoked single-unit discharges and field potentials when analyzing how conditioning affected the responsiveness of LA cells. These signals were recorded simultaneously by the same microelectrodes and dissociated off-line by digital filtering (fields, 3-300 Hz; unit activity, 0.3-10 kHz).
Tone-evoked single-unit discharges
In control and conditioning sessions, LA cells responded to the tones with an increase in firing probability that was assessed in the following manner. For the six tones, the difference between the first three 100 msec bins of tone-evoked activity and the five prestimulus bins was averaged and normalized for both the control and conditioning sessions. This approach revealed that the increase in firing probability produced by the tones ranged between 0.31 and 0.96 of their prestimulus activity (average of 0.53 Ϯ 0.032 and 0.42 Ϯ 0.014 in control and conditioning sessions, respectively).
Visual inspection of the population histograms of Figure 4 suggests that the anticipation of the noxious stimulus produced marked changes in LA responses to the tones. Indeed, the magnitude of the tone-evoked LA responses appeared to increase in conditioning sessions, especially toward the end of the trials (T4 -6; Fig. 4 B) , but not in control sessions (Fig. 4 A) . To determine if these changes were statistically significant, a two-factor ANOVA was performed, using the experimental phase (control, conditioned) as the "between" factor and the tones (T1-T6) as the "within" factor. A significant interaction was found between the experimental phase and the tone variables using both the raw data (F ϭ 31.17; p Ͻ 0.05) or after normalization to prestimulus values (F ϭ 11.76; p Ͻ 0.05).
Post hoc analyses (paired, two-tailed t tests) on the normalized data confirmed the impression gained by visual inspection of the histograms (Fig. 4 A,B) , namely that the responsiveness of LA cells to the tones increased during the conditioning sessions (independently of changes in pretones firing rates), but not in control sessions, in comparison to pretone values. In conditioning sessions, the difference between the responsiveness to the first and subsequent tones became significant by the fourth tone ( p Ͻ 0.05), and the level of statistical significance increased as the trials (A, B, C1 ) Three simultaneously recorded LA neurons that generated antidromic spikes in response to electrical stimuli applied in the perirhinal cortex. Arrowheads point to stimulation artifacts. In each case, several responses are superimposed. Note fixed response latencies. C2, Response of the cell shown in C1 to three perirhinal stimuli delivered at 300 Hz. Note the ability of the antidromic spikes to follow high-frequency stimulation. Small arrows in B and C2 point to traces where the antidromic spike failed. The neuron in A was located in the caudolateral part of the LA, whereas those in B and C were located 2 mm more rostrally, and at different lateromedial levels (C 0.8 mm more lateral than B). Data were digitally filtered (100 Hz to 10 kHz).
progressed (from 0.02 at T4 to 0.0001 at T6). Although different groups of cells were analyzed in control and conditioning sessions, their response to the first tone was not significantly different, suggesting similar tone-response properties in the two groups.
Auditory-evoked field potentials
Fluctuations in the amplitude of auditory-evoked field potentials largely paralleled the variations in firing probability. In keeping with previous work in rats (Rogan and LeDoux, 1995) and cats , tone presentations evoked multiphasic field potentials in the LA (Fig. 4C,D) . The latency to peak of the initial negative wave, the most reliable component of these potentials, did not change significantly from control to conditioning sessions (47.9 Ϯ 1.52 and 48.8 Ϯ 1.33 msec, respectively).
To determine whether the anticipation of the noxious stimulus affected these responses, an ANOVA was performed on the amplitude of the initial negative wave evoked by individual tones (T1-T6), for all available LA sites and trials (for details, see Fig.  4 , legend), using the experimental phase (control, conditioned) as the between factor and the tones (T1-T6) as the within factor. A significant interaction was found between the experimental phase and the tone variables (F ϭ 2.977; p Ͻ 0.05).
Post hoc analyses (paired, two-tailed t tests; T1 vs T2-T6) revealed that the auditory-evoked field potentials gradually increased in amplitude during the conditioning trials (T1, 24.2 Ϯ 2.92 V; T6, 34.9 Ϯ 3.07 V), with the p values decreasing progressively from the fourth to the sixth tone (T1 vs T4, 0.08; T1 vs T5, 0.02; T1 vs T6, 0.014). By contrast, none of the amplitude differences reached statistical significance in control sessions (paired t tests, p Ͼ 0.05).
Changes in cortical responsiveness produced by conditioning
The progressive increases in auditory responsiveness taking place during the trials after conditioning lend themselves to two different interpretations. One possibility is that the increased responsiveness is specific to the stimulus predicting the footshock (i.e., the tones). Alternatively, the auditory responses might increase simply because the animals are aroused. If this was the case, any excitatory synaptic input would elicit a larger response in the late phase of the trials, irrespective of its predictive relation to the noxious stimulus. To address this issue, we compared unit and field potential responses to perirhinal stimuli delivered before or during the tones series, in the naive and conditioned states.
In all tested animals (n ϭ 3), the unit (n ϭ 8) and field potential (n ϭ 54) responses to perirhinal stimuli applied before versus during individual trials (each trial containing six tones) did not change in both the naive and conditioned states. On the other hand, marked variations in perirhinal-evoked responses were observed when the same sites were compared at the beginning and end of the first conditioning session (n ϭ 7).
These two points are illustrated in Figure 5 , which compares the unit and field responses recorded at the same site in trials 1 Figure 4 . Increases in the firing rate and auditory responsiveness of LA neurons during the anticipation of noxious stimuli. Instantaneous firing rate of LA neurons in naive (A, n ϭ 36) and conditioned (B, n ϭ 49) animals (bins of 100 msec) during the presentation of the tones (T1-T6, thin vertical lines). The tone series was presented four times. For each cell, the spike counts in the four trials were averaged. Then, the activity of all the cells within a group (control or conditioned) was averaged and converted into instantaneous firing rates. The right part of the figure shows the average field potentials evoked by the six tones in naive ( C) and conditioned ( D) animals. Each wave represents the average of 144 responses (36 sites times 4 trials) in C and 196 responses (49 sites times 4 trials) in B. Negative, downward. The amplitude of tone-evoked field potentials was measured by subtracting the peak voltage (within a SE of the average latency) from the average voltage value of the 50 msec preceding the tone onset (dashed lines). (Fig. 5A) and 6 (Fig. 5B) of the first conditioning session. In Figure 5 , A1 and B1, note that the tones are marked on the left, and that brackets and arrows (right) indicate what portion of the data were used to construct the histograms. In the naive state ( Fig. 5A ; trial 1 of first conditioning session), the unit and field responses to perirhinal stimuli applied before (Fig. 5A2) compared to during (Fig. 5A3 ) the trial did not change significantly (t test, p Ͼ 0.05; see precise values in figure legend). The same phenomenon was seen after conditioning (trial 6 of first conditioning session; Fig. 5, compare B2, B3) . However, perirhinalevoked field potentials increased dramatically (by ϳ40%) from the first to the sixth trial of the first conditioning session (Fig. 5,  compare A2,3, B2,3 ; t test, p Ͻ 0.05). When unit responses to perirhinal stimuli applied before and during the trials were pooled together, the difference in unit responsiveness was also found to be statistically significant (1.61 Ϯ 0.475 vs 2.33 Ϯ 0.512; paired t test, p Ͻ 0.05).
The lack of time-dependent changes in cortical responsiveness was observed in all tested animals (n ϭ 3). Figure 5C illustrates the averaged normalized amplitude of perirhinal-evoked field potentials recorded before the tones versus during the silent period in conditioned animals. Note that the changes in field potential amplitudes did not even approach significance, in sharp contrast with tone-evoked responses.
In contrast, the amplitude changes observed from the naive to the conditioned states at the same sites were more variable. Highly significant decreases and increases in response amplitudes were observed (57 and 43% of the sites, respectively) in the first conditioning session (trial 1 vs trial 6). These statistically significant, yet inconsistent changes in response amplitudes were sometimes observed in the same session, at simultaneously recorded sites.
Synchronized and rhythmic LA firing during the anticipation of noxious stimuli
To determine whether the anticipation of the painful stimulus produced changes in the probability of synchronized firing among LA cells, cross-correlograms were computed for all pairs of neurons recorded simultaneously in conditioning sessions. For each cell pair (n ϭ 59), individual cross-correlograms were computed separately for the data acquired immediately before the trial onsets and during the silent period. The resulting correlograms were then normalized to the number of spikes generated by the reference cells and averaged.
The result of this analysis is illustrated in Figure 6 . Consistent with the increased firing rate observed during the silent period, with respect to pretone values, the average bin value augmented from 0.81 Ϯ 0.0384 before the trial onset (Fig. 6 A) to 2.07 Ϯ 0.149 in the silent period (Fig. 6 B) . The slight discrepancy between these figures and the average rates reported above reflect the necessarily different sample compositions used for the two analyses (many LA cells were not recorded in couples).
To determine whether the differing appearance of the crosscorrelograms reflected increases in firing rates from the pretone epochs to the silent periods, we computed the ratio of the maximal bin (closest to time 0) to the average value for both histograms. The ratio was 1.78 for pretone epochs (Fig. 6 A) compared to 3.43 for silent periods (Fig. 6 B) , suggesting that the probability of synchronized firing is higher in the LA during the anticipation of the noxious stimulus than during pretone epochs. In addition, the presence of distinct peaks and troughs at intervals ranging Figure 5 . LA responsiveness to perirhinal stimuli does not increase during the anticipation of noxious stimuli. Perirhinal-evoked LA responses in the same cat before ( A) and after ( B) introduction of the noxious stimulus (trials 1 and 6 of the first conditioning session, respectively). Same recording site, neuron, and stimulation intensity in A and B. 1, Window discriminator output. Thick vertical line indicates perirhinal stimuli. 2, 3, Peristimulus histogram of neuronal discharges and simultaneously recorded evoked potential (averages of 12 and 6 in 2 and 3, respectively). R, Responsiveness (number of spikes divided by number of shocks). Average unit responsiveness and field potential amplitude were 1.50 Ϯ 0.151 and 218.2 Ϯ 16.86 V in A2, 1.83 Ϯ 0.167 and 245 Ϯ 22.53 V in A3, 2.25 Ϯ 0.131 and 327.3 Ϯ 18.11 V in B2, and 2.5 Ϯ 0.342 and 336.4 Ϯ 27.43 V in B3. C, Normalized amplitude of field potentials evoked by perirhinal stimuli in three conditioned cats in quiescent periods (black bars) and during the anticipation of noxious stimuli (white bars). Whereas the amplitude of the field potentials and neuronal responsiveness did not change significantly within a trial (A2 vs A3 or B2 vs B3), it increased from the naive to the conditioned state (A vs B) . from 160 to 190 msec in Figure 6 B suggests that the activity of LA cells is also more rhythmic in the silent period.
If, as suggested by Figure 6 B, LA cells fire rhythmically at the theta frequency during silent periods, this should be apparent in the focal waves that were recorded simultaneously by the same electrodes used for unit activity. In addition, because LA cells exhibited gradual increases in firing rate and auditory responsiveness during the trials, the theta rhythmicity might develop progressively during the silent period. To verify this, focal waves were digitally filtered from 2 to 55 Hz and divided in 1 sec segments sliding in steps of 100 msec over the epoch preceding the tones or the silent period. Then, the wave segments simultaneously recorded at different LA sites were cross-correlated. Figure 7A shows the result of this analysis for a particular pretone epoch and the matching silent period. In this striking example, the theta rhythmicity was much more pronounced in the silent period (Fig. 7A2 ) than before the trial onset (Fig. 7A1) .
However, in other cases, the difference between the crosscorrelograms of the pretones and silence epochs was not so clear-cut. Moreover, from trial to trial, the dominant frequency varied from 4 to 7 Hz. To address this issue quantitatively, we computed cross-correlograms for all available pairs of simultaneously recorded LA sites and examined the spectral content of the resulting cross-correlograms. Figure 7A3 illustrates the average power spectrum of cross-correlograms for pretones (thin lines) and silence (thick lines) epochs. A paired t test revealed that the power in the 4 -7 Hz band increased significantly (by 13.4%; p Ͻ 0.05) during the silent period. However, analysis of serial cross-correlograms failed to reveal progressive changes in theta rhythmicity.
Yet, the possibility remained that the theta rhythmicity present in the focal waves resulted from volume conduction of hippocampal activity to the LA. To address this possibility, LA focal waves were digitally filtered between 4 and 7 Hz, and positive theta peaks were detected for pretones and silent periods (for details, see Fig. 7 , legend). Using these positive theta peaks as time 0, perievent histograms of neuronal firing were constructed for each cell, normalized, and averaged. The result of this analysis is shown in Figure 7B .
To assess the statistical significance of these perievent histograms, we determined the modulation of firing probability required to reach statistical significance in a one-tailed t test (mean ϩ 1.64 times the SD, as described in . Briefly, spike trains of various lengths were repeatedly shuffled with respect to a series of theta peaks. The resulting perievent histograms were smoothed with a moving average of 3 and normalized so that the average bin height was 100. Then, the maximal difference in bin height found at half a theta cycle within 200 msec of the origin was determined. This difference in bin height and that found on either side of the central peak were averaged. Repeating this procedure numerous times allowed us to estimate the average firing modulation Ϯ the corresponding SD that can be expected by chance. See for the exact distribution. Comparing the perievent histograms of Figure 7B to this random distribution revealed that in both cases, the firing modulation was statistically significant ( p Ͻ 0.05; numbers of spikes and theta peaks in figure legend).
However, it is obvious that the theta-related modulation is much more pronounced during the silent periods (Fig. 7B2 ) than during the pretone epochs (Fig. 7B1) . Not only are the differences between the peak and troughs higher in Figure 7B2 but they are more numerous on either side of the origin.
DISCUSSION
Although much evidence implicates the amygdaloid complex in fear (Aggleton, 1992) , little data is available regarding the neuronal correlates of this emotion in the amygdala. The present study shows that during the anticipation of noxious stimuli, a state tentatively equated to fear, the firing rates of LA neurons increase, and their discharges become more synchronized through a rhythmic modulation in the theta frequency band. In addition, LA neurons displayed a time-dependent increase in responsiveness to sensory stimuli holding a predictive relationship to the footshocks, but not to inputs that did not.
Modification of the firing rate of LA cells during the anticipation of noxious stimuli
Compared to most neurons of the CNS (for review, see Steriade and McCarley, 1990) , amygdala neurons (Jacobs and McGinty, 1971; Pascoe and Kapp, 1985b) , and LA projection cells in particular Paré and Gaudreau, 1996) , stand out because of their extremely low levels of spontaneous activity. Indeed, in a previous study where LA cells were searched with a hunting perirhinal stimulus, it was shown that most LA cells remain undetected when using extracellular recording methods because they have no spontaneous activity . Consistent with this, we observed that the average firing rate of LA cells was Ͻ1 Hz in control conditions, despite the fact that our recording method was biased for cells with higher levels of spontaneous activity (no hunting stimuli was used).
During the anticipation of the noxious stimuli, we observed that LA firing rates doubled. Considering that arousal is correlated to increased firing rates in much of the brain (Steriade and McCarley, 1990) , this result might not seem surprising. However, Figure 6 . Increased synchrony in the activity of LA neurons during the anticipation of noxious stimuli. In conditioned animals, cross-correlograms of neuronal discharges were computed for 59 pairs of simultaneously recorded LA neurons before the tones ( A) or during the silent period preceding the noxious stimulus ( B). Before averaging, the individual crosscorrelograms were normalized to the number of spikes generated by the reference cell. The number of cell couples ( n) as well as the number of spikes generated by the reference (nR) and test (nT ) cells are indicated on the top right of the histograms.
it takes on a particular significance because it was obtained in the amygdala, a structure whose lesion interferes with the expression and learning of fear (for review, see Davis, 1992; LeDoux, 1995) .
Nevertheless, given the important autonomic changes that accompanied the anticipation of noxious stimuli, the fear-related increases in LA firing rates (from 0.8 to 1.7 Hz) appear modest. Although this may be partly compensated for by the increased synchrony of LA cells (see below), the following question arises: have we failed to identify the conditions where LA cells become active or is the impact of LA axons on their targets so important that even modest elevations in firing rate have dramatic consequences?
Origin and significance of the firing modulation at the theta frequency As suggested above, the increased probability of synchronous firing among LA cells might compensate for their low discharge rates. This was evidenced in the population cross-correlation analysis where, after normalization for changes in firing rates, the probability of synchronous firing was found to double in the silent period compared to pretone levels. This analysis also revealed that the activity of LA neurons became more rhythmic during the anticipation of noxious stimuli. Consistent with this, FFT analyses of focal cross-correlograms disclosed an increased rhythmicity in the theta frequency range during the same period. Finally, the possibility that this phenomenon was an artifact caused by volume conduction of hippocampal activities was ruled out because perievent histograms of neuronal discharges, performed using the positive peak of focal theta waves as a reference, revealed significant firing modulations at the theta frequency in the LA.
Two nonexclusive factors probably contribute to the appearance of theta oscillations in the LA during the anticipation of noxious stimuli. First, LA neurons are endowed with intrinsic membrane properties that predispose them to oscillate or reverberate in this range of frequencies (Paré et al., 1995; Pape et al., 1998) . Second, the LA receives synaptic inputs from the rhinal cortices and hippocampal formation (for review, see McDonald, 1998) where rhythmic neuronal activity in the theta range has been observed (Mitchell and Ranck, 1980; Buzsáki et al., 1983; Alonso and García-Austt, 1987; . The perirhinal cortex should be regarded as the most likely source of synaptic inputs for this LA oscillation. Indeed, of the aforementioned areas, the perirhinal cortex contributes the most powerful projection to the LA (Russchen, 1982; Witter and Groenewegen, 1986 ; for review, see McDonald, 1998 ). Finally, it should be noted Figure 7 . Simultaneously recorded LA sites exhibit increased correlation in the theta band during the anticipation of noxious stimuli. A, Crosscorrelograms of local field potentials recorded simultaneously in two LA sites (distance, 0.8 mm) before the tones (A1) and during the silent period (A2). Focal waves were digitally filtered from 2 to 55 Hz and divided in 1 sec segments sliding in steps of 100 msec over the 5 sec epoch preceding the tones or the silent period. Then, the corresponding wave segments were cross-correlated. Only 10 of the resulting cross-correlograms are shown in A1 and A2. A3, Power spectrum of cross-correlograms before the tones (thin line) and during the silent period (thick line). To compute this, the analysis described in A1 and A2 was repeated for all pairs of simultaneously recorded LA sites (n ϭ 59), and the FFTs of the resulting cross-correlograms were averaged. B, Population perievent histograms of LA firing using the positive peaks of focal theta waves as reference times, before the tones (B1) or during the silent period (B2). Average of 49 perievent histograms. To compute these histograms, focal waves were digitally filtered (4 -7 Hz), and the positive peaks of theta waves exceeding 1.5 times the SD of the 5 sec segments were detected. The number of theta peaks and spikes were 803 and 652 for B1 compared to 1076 and 1986 for B2. that the propensity of rhinal and hippocampal areas to generate theta activity increases during EEG-activated states and arousal (Green and Arduini, 1954; .
The occurrence of theta activity during fear probably generates short recurring time windows where excitatory synaptic interactions are facilitated because the membrane potential and electrotonic structure of the cells favor the genesis of orthodromic spikes. Considering the essential role that coincident neuronal activity is believed to play in synaptic plasticity and the hypothesized involvement of the amygdala and perirhinal cortex in memory (Zola-Morgan et al., 1989; Suzuki, 1996; Cahill et al., 1999; Fanselow and LeDoux, 1999) , the presence of coherent theta oscillations in the LA and related cortices might be very important.
Whereas the literature has emphasized the distinct contributions of the amygdala and hippocampal regions to learning (Phillips and LeDoux, 1992; Gaffan, 1994; Maren, 1999) , the dominant presence of a similar EEG rhythm within these interconnected structures (Witter et al., 1989) suggests that cooperative interactions may take place between them, in agreement with recent findings (Cahill and McGaugh, 1998; Sacchetti et al., 1999) . In this context, it is interesting to note that rats subjected to an auditory fear-conditioning paradigm display hippocampal theta in the interval between a tone and a footshock (Whishaw, 1972) .
Differential regulation of LA synaptic responsiveness as a function of input significance
The origin of the differential modulation of LA synaptic responses to inputs holding a predictive relationship to noxious stimuli (the tones) compared to those that did not (the perirhinal stimuli) is unclear. One possible explanation, perhaps the most parsimonious, is that auditory neurons located upstream from the LA gradually increase their responsiveness as the occurrence of the noxious stimulus approaches. In agreement with this possibility, it was reported that the tone-evoked responses of thalamic and cortical auditory neurons increases during various conditioning procedures (Weinberger, 1995) . Moreover, a huge body of evidence indicates that the synaptic excitability of dorsal thalamic neurons augments with behavioral arousal (Steriade and McCarley, 1990) . To a large extent, this results from the modulatory influence of mesopontine cholinergic neurons (for review, see Steriade and McCarley, 1990) projecting to the entire dorsal thalamus Smith et al., 1988; Steriade et al., 1988) . In this context, it should be noted that the central amygdaloid nucleus projects heavily to this brainstem region (Hopkins and Holstege, 1978) and that this projection has been implicated in emotional arousal (Kapp et al., 1992; Silvestri and Kapp, 1998) . Irrespective of the underlying mechanism, the possibility that tone-evoked activity is regulated upstream of the LA would explain why perirhinal responses did not increase during the silent period.
A second, nonexclusive possibility is that an extrinsic or intrinsic mechanism somehow "informs" the LA of the differing significance of stimuli, perhaps through an action on intrinsic inhibitory neurons. This speculative scenario implies that the intrinsic inhibitory pressures that maintain LA cells virtually silent (Lang and Paré, 1997a,b) can be modulated selectively depending on the input significance as established through experience. Recent findings (Mahanty and Sah, 1998) suggest that this possibility might not be so far-fetched. In this context, it should be mentioned that some work suggests that thalamically relayed tone inputs can be potentiated in the LA nucleus (Rogan and LeDoux, 1995) .
To address these issues, future studies should compare the fate of LA responses to synaptic inputs that bypass, or are relayed by, the dorsal thalamus when their significance is manipulated.
